Introduction
Antibiotics have been used for over 50 years in animal production for treatment of infectious diseases and as growth stimulators. However, the misuse of antibiotics has caused problems primarily related to the development of bacterial antibiotic resistance.
Also, the possible accumulation of drug residues in animal products is risky for consumers and likewise contributes to the development of bacterial antibiotic resistance. These factors have resulted in a global trend to restrict the use of antibiotics in the feed industry, agriculture and veterinary medicine (Landers et al., 2012; Coyne et al., 2016) . The search for alternatives to antibiotics is an urgent challenge for animal production as the maintenance of production performance as well as animal health and welfare has to be addressed adequately.
ABSTRACT.
Together with the extraction of first insect antimicrobial protein (AMP) from the pupae of the giant silk moths Hyalophora cecropia the antibacterial activity of insects was observed for the first time in 1980. Practically, AMPs are small, cationic proteins that exhibit activity against bacteria, fungi as well as certain parasites and viruses. It is known that in addition to their antimicrobial effect, they boost host specific innate immune responses and exert selective immunomodulatory effects involved in angiogenesis and wound healing. More than 1,500 proteins with antimicrobial activity have been identified in different organisms, including plants, fungi, bacteria and animals. Insects are a primary source of AMPs which are considered as not resulting in the development of natural bacterial resistance. In general, they are characterized as heat-stable with no adverse effects on eukaryotic cells. These characteristics contribute to the potential use of these proteins in human and veterinary medicine and in animal nutrition. Depending on their mode of action, insect AMPs may be applied as single peptides, as a complex of different AMPs and as an active fraction of insect proteins in the nutrition of different livestock. The great potential for the use of AMPs in animal production is primarily associated with the growing problem of antibiotics resistance, which has triggered the search for alternatives to antibiotics in livestock production. The review presents the current knowledge of insect AMPs, their chemical structure and mode of action with focus on their potential use in agriculture and livestock production.
Insects at all life stages are rich sources of protein, fat and many other important nutrients (Bovera et al., 2016) . Reviews on the nutritive value of different insects and their meals including black soldier fly larvae, housefly maggot and pupae, mealworms, silkworm pupae, as well as locusts, grasshoppers and crickets demonstrate their potential application as an alternative protein source in the nutrition of different livestock species (Makkar et al., 2014; Sánchez-Muros et al., 2014; Józefiak et al., 2016) . However, little is known about their possible secondary effects which can be related to a wide range of small peptides known as antimicrobial peptides (AMPs) .
The use of AMPs may be a promising alternative to antibiotics Xiao et al., 2013a Xiao et al., ,b, 2015a Yoon et al., 2013 Yoon et al., , 2014 Yi et al., 2014; Wang et al., 2016) . The interest in insect AMPs is based on the knowledge from ancient times, where different insects were used in the treatment of a number of different ailments (Table 1) . Habouring approximately 1.5 to 3 million different species, insects are a significant potential source of AMPs and knowledge on their antimicrobial effects is continuously increasing. The purpose of this review is to discuss the use of insects as a source of AMPs providing an alternative to antibiotics in livestock production. The discussion covers experience from ancient medicine, the current knowledge of insect AMPs, their mode of action, possible mechanisms of bacterial resistance and possible applications including the supplementation of animal diets.
Insects as a treatment from ancient times
Insects are known as vectors of a wide range of animal and human parasites causing such diseases as malaria, dengue and yellow fever. Paradoxically, they are also a source of different natural substances which can be employed in the development of natural bioactive compounds used for medical, veterinary and agricultural purposes. Insect toxins belong to compounds having a large number of molecules with biological activities, acting as pain-killers and drugs for neurologic and autoimmune diseases including arthritis and rheumatism, and even for cancer therapy (El-Tantawy, 2015) .
Insects have been widely used in traditional medicine in many parts of the world. In Chinese medicine, the beneficial effect of insects on different ailments has been known for over 3,000 years. Around 300 insect species are used to produce 1,700 traditional Chinese medicaments (Ratcliffe et al., 2011) . Among insect species known in ancient time medicine are ants, whose jaws were used in a surgery as staples for stitching wounds (Schiappa and Van Hee, 2012) . Additionally, some ants produce substances that promote wound healing. The most studied application, however, is the use of maggots -larvae of the housefly. Maggots eat necrotic tissues and contribute to the process of wound healing via a number of mechanisms. After ingestion of the necrotic tissue, their secretions promote fibroblast aggregation and tissue repairment, and finally they release antimicrobial peptides which inhibit bacterial growth in the wound (Bulet et al., 2004; Andersen et al., 2010; Ratcliffe et al., 2011) .
The ancient medical application of insects is still explored. For example, the dried biomass of blister beetles (Mylabris phalerata and M. cichorii) containing cantharidin has been used in Chinese traditional medicine for the treatment of cancer for over 2,000 years, and studies are currently being conducted in this area (Ratcliffe et al., 2011) . Cantharidin has been prescribed for numerous diseases including rabies, oedema, warts and impotence (Ratcliffe et al., 2011) . It has been shown that cantharidin, or its derivatives, can destroy a variety of tumor cells in vitro and in animal models in vivo including hepatomas, leukaemia, breast cancer, melanoma and bladder or colorectal and pancreatic cancers.
Insect antimicrobial peptides (AMPs)
In recent years, there has been increasing interest in the usage of AMPs, and much of this attention has been devoted to research regarding their impact on different bacteria. It is widely known that their activity, in contrast to most classical antibiotics, does not lead to the development of natural bacterial resistance or at least the frequency of resistance is considered to be low (Narayanan et al., 2014; Chernysh et al., 2015) . Most AMPs are small, cationic proteins that exhibit activity against bacteria and/or fungi, as well as certain parasites and viruses (Lee et al., 1998 (Lee et al., , 1999 Aerts et al., 2008; Ratcliffe et al., 2011; Sun et al., 2014; Yi et al., 2014) . Until now, more than 1,500 proteins with antimicrobial activity have been found and identified in different organisms such as plants, fungi, bacteria and animals, however they are mainly present in insects (Yi et al., 2014) . The antibacterial activity of insects was first observed in the pupae of the giant silk moths Samia cynthia and Hyalophora cecropia (Boman et al., 1974; Faye et al., 1975) , and the first insect AMP (cecropin) was extracted from the pupae of H. cecropia in 1980 (Hultmark et al., 1980; Steiner et al., 1981) . Since then, over 150 insect AMPs have been identified (Yi et al., 2014) . Due to their structure and unique amino acid sequences, insect AMPs can be divided into 4 general groups: 1. α-helical peptides (cecropin and moricin), 2. cysteine-rich peptides (insect defensin and drosomycin), 3. proline-rich peptides (apidaecin, drosocin and lebocin), and 4. glycine-rich peptides/proteins (attacin and gloverin) (Yi et al., 2014) . The smallest AMPs comprising 20-50 residues, i.e. defensins, cecropins, prolinerich peptides and attacins, have the highest activity, whereas larger ones -lower activity. Among them, gloverins (~14 kDa) and attacins (~20 kDa) exhibit the highest activity. However, some insect AMPs are enzymatically cleaved in vivo from a large precursor with no or limited antimicrobial properties (Imler and Hoffmann, 2000; Bulet et al., 2004; Bulet and Stöcklin, 2005) . AMPs belonging to the same class or even subclass of compounds but derived from different insects exhibit different activity. For example cecropin A derived from silk moth (H. cecropia) shows only antibacterial activity (Gram-positive and Gram-negative), whereas cecropin A from the mosquito Anopheles gambiae shows both antibacterial (Gram-positive and Gram-negative) and antifungal activities, which result from their different size and structure affecting the affinity to different microorganisms (Bulet et al., 2004) . In addition to their antimicrobial effect, it is also known that they boost specific innate immune responses and exert selective immunomodulatory effects on the host by involvement in angiogenesis and wound healing processes (Bulet et al., 2004; Żyłowska et al., 2011) .
The largest group of insect AMPs consists of defensins, which have also been identified in rabbits, guinea pigs, rats, mice, cattle, sheep, goats, pigs, birds and humans. Mammalian α-defensins have been detected in neutrophils and alveolar macrophages as well as in epithelial cells, including the female reproductive tract and in Paneth cells of small intestinal crypts of humans, rats and mice (Lehrer and Ganz, 1990; Jones and Bevins, 1992; Ouellette et al., 1999; Luenser and Ludwig, 2005) . Based on the structural characteristics, defensins are classified into three families: 'classical' defensins, β-defensins and insect defensins. In general, they belong to small (~4 kDa) cationic AMPs and contain six cysteines which form three intramolecular disulfide bridges. Insect defensins are peptides consisting of 34-51 amino acids residues with six conserved cysteines. They have been identified in numerous insect species belonging to Diptera, Hymenoptera, Coleoptera, Lepidoptera, Hemiptera, Isoptera, Odonata orders (Yi et al., 2014) . Currently, almost 170 defensins are known to be present in invertebrates. In insects, these peptides are produced by the cells of the fat body, as well as haemocytes from where they can easily diffuse and act systemically. The insect haemolymph gains antimicrobial properties after the insect has been wounded or after microbial infection. Insect defensins are active mainly against Gram-positive bacteria, including Micrococcus luteus, Aerococcus viridians, Bacillus megaterium, B. subtilis, B. thuringiensis and Staphylococcus aureus. Some insect defensins are also active against Gram-negative bacteria as Escherichia coli (Yi et al., 2014) . Further, antifungal properties against filamentous fungi and yeast strains have been observed, e.g., termicin in Pseudacanthotermes spiniger, drosomicin in Drosophila melanogaster, heliomicin in Heliothis verescens and gallerimicin in the pupae of Galleria mellonella (Aerts et al., 2008; Żyłowska et al., 2011) .
Working mechanism of AMPs
The mechanism by which AMPs exert their activity involves the destruction of the bacterial cell envelope. Most AMPs are cationic molecules which perturb the target cell membranes through the formation of ion channels or transmembrane pores and in this way destroy the bacterial cell (Duclohier, 2002; Park and Hahm, 2005) . They penetrate the cell through the negatively charged particles present in the bacterial cell envelopes with which the peptide can interact (Bagnicka et al., 2011) . The main targets of AMPs are lipids in bacterial cell mem-brane. The AMPs bind to anionic phospholipids and phosphate groups of lipopolysaccharides (LPS) of Gram-negative bacteria, as well as to teichoic and lipoteichoic acids composing the peptidoglycan layer of Gram-positive bacteria ( Figure 1 , Part I). The peptide anchors in the cytoplasmic membrane of the microorganism and changes the membrane structure which facilitates the incorporation into the phospholipid dual layer of the cytoplasmic membrane (Żyłowska et al., 2011) . The efficiency of their antimicrobial activity depends on differences in the lipid composition and negative electrical potential of the target membrane. Currently, four different models of possible modes of action via bacterial cell membrane destruction are described for AMPs ( Figure 1 , Part II). The first (A) is the toroidal model, where the peptides aggregate to lipid monolayers and form pores, finally leading to the destruction of the bacterial cell. In the second model (B), the AMPs cover the cell membrane in a carpet-like manner. Then the peptides change their structure and insert themselves into membrane forming pores leading to the destruction of the bacterial cell envelope and cell death. In the toroidal model (A), the peptides aggregate to lipid monolayers and form pores finally leading to the destruction of the bacterial cell. In the carpet-like model (B), the AMPs cover the cell membrane in a carpet-like manner. In the barrel-stave model (C), AMPs bind to the cell membrane and insert themselves into the hydrophobic core of the membrane forming a pore that causes leakage of cytoplasmic material. The 'unstructured ring pores' (D) lead to the destruction of cell membranes by creating, e.g., aggregate channels. Part III: AMPs may exert antibacterial activity by interactions with intracellular targets including heat shock protein (DnaK), DNA and RNA.
This action requires a high AMPs concentration and causes cell membrane dissolvence, similarly to the action of a detergent. The example of AMPs acting in this way can be cecropins. The third model (C) for AMPs action is the barrel-stave model, in which peptides bind to the cell membrane and insert themselves into the hydrophobic core of the membrane, forming a pore and causing a leakage of cytoplasmic material and a decrease in membrane potential. In this way, membrane damage peptides, such as gramicidin, finally lead to the death of the cell. The fourth and the last strategy (D) is the destruction of cell membranes by creating 'unstructured ring pores', i.e. aggregate channels. Peptides do not always line up perpendicularly to the membrane, as it is on a ring, but can be anchored in the membrane at different angles (Duclohier, 2002; Żyłowska et al., 2011) .
Apart from the membrane destruction, some AMPs, i.e. pyrrhocoricin, drosocin and apidaecin, may exert antibacterial activity by interactions with intracellular targets thus disrupting intracellular processes (Figure 1 , Part III). These belong to short proline-rich AMPs (PrAMPs). Insect-derived PrAMPs are typically 20-35 amino acid residues long. The mechanism of action is followed by translocation into the interior of the cell. At first, peptides permeate and traverse the outer membrane and enter the periplasmic space. Then, the process looks like the stereospecific and irreversible translocation into the cytoplasm of the bacterial cell. Inside the cell, the AMPs (pyrrhocoricin and drosocin) interact with the target, which is mainly the 70 kDa heat shock protein DnaK. They can also interfere with DNA and RNA synthesis by binding to nucleic acids (Kragol et al., 2002; Li et al., 2006; Nicolas, 2009 ) and have been shown to target E. coli, Klebsiella pneumoniae, Pseudomonas aeruginosa and Acinetobacter baumannii (Mattiuzzo et al., 2007; Hansen et al., 2012) .
It has been suggested that AMPs exhibiting an antimicrobial effect at high concentrations act by permeabilizing/disrupting the microbial membrane, whereas AMPs, which are presumed to affect microbial viability at low to moderate concentrations, interact with intracellular targets (Nicolas, 2009 ).
Insects providing AMPs
One of the insects that have been intensively studied considering its unique characteristics is Hermetia illucens, an effective decomposer of different organic materials. It is believed that the immune system of H. illucens has developed different mechanisms to cope with pathogenic microorganisms it comes into contact with. Erickson et al. (2004) showed that the larvae of this insect reduce E. coli O157:H7 and Salmonella ser. Enteritidis in chicken manure. Although the general mechanisms of AMPs activity have been studied, only little is known about the activity of defensins and defensin-like peptides from H. illucens. Antibacterial properties of larvae extracts of H. illucens against Gram-positive S. aureus, methicillin resistant S. aureus (MRSA) and Gramnegative Pseudomonas aeruginosa have been demonstrated by Park et al. (2014) . Methanol extracts of H. illucens larvae showed antibacterial effects against K. pneumoniae, Neisseria gonorrhoeae and Shigella sonnei. However, these extracts showed no antibacterial effects against Gram-positive bacteria such as B. subtilis, Streptococcus mutans and Sarcina lutea (Choi et al., 2012) .
Recently, a novel AMP-defensin-like peptide 4 (DLP4) from the black soldier fly has been isolated and described (Park et al., 2015) . This protein displays antimicrobial properties against Gram-positive bacteria. The minimal inhibitory concentrations (MICs) of DLP4 against MRSA, S. aureus 40881, S. aureus 12256, S. epidermidis and B. subtilis were between 0.59-1.17 μM. The MICs of methicillin against S. aureus 40881 (MRSA) and 11256 (methicillin-sensitive MSSA) were 99.40-198.80 μM and 3.11-6.21 μM, respectively. The MICs of DLP4 against these strains were substantially lower (0.59-2.34 μM) indicating consistent antimicrobial activity. There was no antimicrobial activity against Gram-negative bacteria (E. coli, Enterobacter aerogenes, P. aeruginosa) observed in this study, even at the highest tested concentrations of DLP4 (4.68 μM). The expression of DLP4 in different tissues of the black soldier fly was shown to be the highest in the trachea and fat body (Park et al., 2015) .
Antibacterial proteins have also been identified in the larvae of Musca domestica. These are cecropins and defensins, which show antibacterial activity against both Gram-positive and Gram-negative bacteria (Fu et al., 2009; Dang et al., 2010) .
Proteins with antimicrobial activity have also been extracted from the larvae of the mealworm (Tenebrio molitor). An example of such protein is tenecin. It is active against Gram-positive bacteria, mainly MRSA (tenecin-1) but also against fungi (tenecin-3), which is important for the feed industry not only because of the protection of animals but, more importantly, of the feed itself (Lee et al., 1998 (Lee et al., , 1999 . Insect AMPs may thus have potential for application as food preservatives. Moreover, intensive research has currently being conducted regarding the use of proteins of Tenebrio molitor in antineoplastic therapy. The results of studies carried out in China have shown that the insect defensins inhibit proliferation of K562 leukaemia cells. The effect of this protein was indicated by a lower number of K562 cells in the S phase. The authors believe that these peptides may be practically applicated in the future (Cheng et al., 2010) .
Bacterial resistance to insect AMPs
Bacterial resistance to antimicrobials relies typically on direct drug inactivation or target site modification (mutations). An important resistance mechanism for certain classes of antimicrobials is reduced drug accumulation due to limited uptake, mainly referring to Gram-negative bacteria, or enhanced efflux mainly referring to Gram-positive bacteria (Andersson et al., 2016; Joo et al., 2016) . Another mechanism is phenotypic resistance (Grampositive and Gram-negative bacteria) based on specific growth patterns such as biofilm formation (Rotem and Mor, 2009; Li et al., 2012; Andersson et al., 2016; Joo et al., 2016) . However, the main problem is multidrug resistance which is costly and has generated significant problems in veterinary medicine and animal production.
In practice there are two types of bacterial resistance, i.e. intrinsic and acquired. Intrinsic resistance is the natural resistance of some bacterial species or genera to certain antibiotics thus preventing the antibiotic from entering the bacterium and exerting its action. As a result of evolution, spontaneous mutations allow the bacteria to adapt and survive in changing environments. This phenomenon can occur following repeated use of the same antibiotics. It has been shown that insect AMPs as pyrrhocoricin (PR-AMPs) deactivating intracellular microbial targets can give rise to bacterial resistence. Narayanan et al. (2014) found that spontaneous E. coli mutants resistant to pyrrhocoricin rise at a relatively high frequency.
In comparison to ampicillin, ciprofloxacin and kanamycin, which induce a 3 to 4-fold increase of the mutation rate in bacteria, it has been shown that cationic AMPs do not increase bacterial mutation rates (Rodríguez-Rojas et al., 2014) . The study was conducted using E. coli treated with AMPs derived from insects (cecropin A and melittin) and from humans (magainin II and pexiganan). The authors analysed 12 genes coding different stress pathways. These stress pathways increased the mutation rate only when the bacteria were treated with classical antibiotics (Rodríguez-Rojas et al., 2014), whereas the examined AMPs did not elicit bacterial stress pathways.
Horizontal transfer of bacterial resistance genes in the process of conjugation, transformation or transduction is a different mechanism of acquiring antibiotic resistance. Here, resistance genes are incorporated into plasmid DNA. This process plays a significant role in transferring antibiotic resistance genes between different bacteria species. Until now this mechanism has not been demonstrated for bacteria resisistant to insect AMPs.
Bacteria are also equipped with other mechanisms protecting them from the action of antibiotics. These involve the inactivation of the antibiotic through modification of their structure, changing the cellular target of antibiotic action, quick removal of antibiotic from the bacteria cells via the efflux pump mechanism. These mechanisms of creating bacterial antibiotic resistance could be relevant for AMPs entering the cell interior. The alteration of the cell membrane is one of the bacteria primary resistance mechanisms against AMPs (Rodríguez-Rojas et al., 2014) . It was demonstrated that Gram-positive bacteria are able to modify the charge of cell wall components from anion to cation. It was reported that an increased amount of D-alanine esters in bacterial teichoic acids changed the cell wall charge, which contributed to the resistance of S. aureus to vancomycin and defensins (Peschel et al., 2000; Żyłowska et al., 2011) . Gram-negative bacteria are capable of escaping the action of defensins by modification of their external cell membrane. This modification involves the acylation of lipid A embedded in the lipopolysaccharide layer of the outer cell membrane, thus reducing the liquidity of the membrane.
A different method of protection against defensins was developed by Salmonella Typhimurium. This bacterium impairs the action of cationic AMPs through incorporation of arabinose into phosphate groups of lipid A (Groisman et al., 1992) . Passive AMP resistance through changes in lipid A, which creates a less negatively charged LPS and reduces AMP interaction with bacteria, occurs in some bacterial species such as Morganella, Providencia, Serratia and Burkholderia. This protection mechanism against defensins is also used by Proteus mirabilis, Listeria monocytogenes and L. ivanovii (Andersson et al., 2016) . A different kind of protection against defensins was developed by Klebsiella pneumoniae. It involves the formation of a polysaccharide capsule providing protection against defensins (McCoy et al., 2001; Żyłowska et al., 2011) .
The most common mechanism of antibiotic resistance is enzymatic antibiotic inactivation through enzymes produced by resistant bacteria. The most studied enzymes are β-lactamases, which hydrolyse the C−N chemical bond in the β-lactam ring of, e.g., penicillin and cephalosporin, and destroy the activity of these antibiotics. Unfortunately, bacterial enzymatic degradation of insect AMPs has not been observed yet. However, it was shown that S. aurerus produces staphylokinase, which induces the release of α-defensins from multinuclear leukocytes (Jin et al., 2004) . The staphylokinase binds to α-defensins and inhibits their bactericidal action. A similar mechanism is demonstrated for group A Streptococcus which activates the extracellular secretion of protein M activating the secretion of the protein complement inhibitor protein (SIC), that binds α-defensins and inactivates them (Frick et al., 2003) . Morower, in S. Typhimurium (Guina et al., 2000) and E. coli (Stumpe et al., 1998; Andersson et al., 2016) proteases that can degrade AMPs were identified.
Efflux pumps that can act on AMPs have been identified in S. Typhimurium, S. aureus, Neisseria gonorrhoeae and Yersinia spp. (Shafer et al., 1998; Bengoechea and Skurnik, 2000; Andersson et al., 2016) .
It has been shown that naturally occurring compounds containing insect AMP complexes have an edge over individual peptide and small molecule antibiotics with respect to the development of bacterial drug resistance (Chernysh et al., 2015) . The authors extracted AMP compounds from bacterial challenged maggots of Calliphoridae fly and housefly (M. domestica). The AMP compound extracted from the blowfly (Calliphora vicina) contained three distinct families of cell membrane disrupting/ permeabilizing peptides (defensins, cecropins and diptericins), one family of proline rich peptides and several unknown antimicrobial substances. The authors analysed bacterial resistance development of E. coli, Klebsiella pneumoniae and Acinetobacter baumannii under long term selective pressure of the AMP compound compared to single reference antibiotics, e.g., cefotaxime, meropenem and polymyxin B. The respective microorganisms readily developed bacterial resistance to the reference antibiotics, whereas no signs of resistance to the extracted AMP compound were observed. Similar results were obtained by Chernysh et al. (2015) for AMP compounds isolated from the maggots of 3 other fly species, e.g., blue blowfly (Calliphora vomitoria), green bottleneck fly (Lucilia sericata) and house fly (M. domestica).
Although the risk of bacterial resistance development against insect AMPs is regarded to be low, it seems reasonable to consider this potential risk when appliying these peptides. More research has to be done in this area.
Production and expression of AMPs in insects
For the isolation and commercial exploitation of insect AMPs, it is important to know, how insects produce them and in which tissues they are stored. The majority of insect AMPs was isolated from the haemolymph of experimentally infected insects (Dang et. al., 2010; Choi et al., 2012; Park et al., 2014 Park et al., , 2015 Kim et al., 2016) , where they are produced in the fat body and in different epithelia. The production of specific AMPs targeted at a specific pathogen may be induced by septic injury by the respective pathogen inducing quick production of antimicrobial peptides (Kim et al., 2016) . However, insect AMPs can also be constitutively produced in haemocytes and are released into the haemolymph in response to infection (Fu et al., 2009 ). Constitutive production of AMPs may also take place in different epithelia as a local protection against different pathogens, as for example in the gastrointestinal and reproductive tract. Constitutive production of AMPs in the salivary glands presumably has an additional role, i.e. the protection of eggs from infection (Isoptera: termite) (Uvell and Engstrom, 2007; Kim et al., 2016) . AMPs may be also produced constitutively in the brain of insects as shown by Lee et al. (2012) in the American cockroach (Periplaneta americana).
In response to infection, AMPs can be produced following transcription of genes encoding the respective AMP and rapid release into the haemolymph and the entire body. Further, a constitutive production of AMPs has been observed, involving the storage of AMPs in particularly haemocytes and their release into the haemolymph after immune challenge (Lamberty et al., 2001) .
AMPs are mainly derived from the larval stage of insects. It has been shown that the genes encoding various peptides are rapidly induced after a septic injury. Their expression continues for at least three days. In insects with complete metamorphosis, the AMPs are rapidly and transiently synthesized by cells of the fat body (the functional equivalent of the mammalian liver) and by various epithelia. In insects nutrients they are stored in the fat body and act as a nutrient sensor, similarly to the mammalian liver and adipose tissue (Buchon et al., 2014) . Most of the AMPs are produced quite massively, many of them reach high concentrations (i.e. mgs · l −1 ) (Bulet and Stöcklin, 2005) . The AMPs produced by the fat body are secreted into the haemolymph, where their overall concentrations can reach values up to 0.5 mM without exerting toxicity to the host organism. The concentration of AMPs in the insect is far higher than that required to kill most microorganisms in vitro (Bulet and Stöcklin, 2005; Choi et al., 2012; Park et al., 2015) .
The constitutive expression of an antifungal AMP -termicin -was detected in haemocyte granules and in the salivary glands of the termite Pseudacanthotermes spiniger (Isoptera). The presence of a mature peptide in the salivary glands suggests a protective role for egg development (Lamberty et al., 2001) . Storage of antimicrobial peptides in granular cells has already been reported for other organisms as shrimp, horseshoe crab, mussel and even humans (Lamberty et al., 2001) . Constitutive expression of AMPs has also been shown in the reproductive tract of flies and their larvae, where AMPs are expressed in the epithelia of the respiratory (trachea) and gastrointestinal tracts (gut), which may reflect the different lifestyles of larvae and flies. Park et al. (2015) showed an increasing AMP (DLP4) expression in the fat body, muscle and trachea of immunized larvae in Hermetia illucens. However, this study also showed high expression of AMPs in the whole body of non-immunized larvae, which may suggest coinsiderable constitutive AMPs production. Interestingly, one AMP can be constitutively expressed in one kind of tissue, while another is inducible in the same tissue -this indicates that different regulatory elements are involved (Uvell and Engstrom, 2007) . Constitutively produced AMPs in Drosophila melanogaster have a wide spectrum of antimicrobial activity against bacteria and fungi as defensins, cecropin and drosocin are produced in the female reproductive tract or drosomycin is present in salivary glands, whereas expression of metchnikowin was detected only in the gastrointestinal tract (Bulet et al., 2004; Uvell and Engstrom, 2007) .
The available literature indicates that many AMPs are expressed constitutively resulting in high AMP concentration in the intact insect, thus facilitating the commercial exploitation.
Commercial development of insect AMPs
Although natural proteins with antimicrobial activity have been known for decades, the possibility of using them in the feed industry is linked with various difficulties. The main limitation is related to the production cost. AMPs can be aquired as clean natural peptides, as peptides with a modified structure or as protein fractions. Both the production of the original peptides and modified peptides with antimicrobial activity is very difficult and expensive. The production of AMPs in recombinant bacterial cells like E. coli is not always successfull and may result in AMPs being inactive or even toxic to the bacterial cell (Hull et al., 2012) . Nevertheless, it has been possible to produce some AMPs in this way, e.g., human β-defensin can be successfully produced in E. coli bacteria. The production of recombinant proteins against fungi in E. coli seems to be more effective (Hull et al., 2012) .
Keeping the molecular and pharmacological data in mind, it seems reasonable to focus on small peptides in order to facilitate the commercial development of AMPs. There are several reasons for this. Generally, smaller AMPs are considered to be less toxic to eukaryotes, but potential toxicity is always a matter of concern and has to be evaluated. Further, smaller peptides are considered to be more stabile (McPhee et al., 2005) . In order to even minimalize the toxicity, the introduction of unusual amino acids or modification of the terminal regions, e.g., through acetylation, can be considered. Further, the use of efficient medicine delivery systems like liposome encapsulation can be effective for the improvement of stability and reduction of potential toxicity (McPhee et al., 2005) .
It counts in favour for insect AMPs, that those with the greatest activity are generally the smallest ones, which decreases the potential production cost (John et al., 2008; Seo et al., 2012) .
Dietary supplementation of insect AMPs
Generally, insect AMPs have the same structures as other AMPs, for example those identified in mammals or in bacteria (bacteriocines), which have been successfully applied. The most explored bacteriocin is nisin, which is commonly used in many types of human foodstuffs as preservative and has also been added to animal feed as an antibacterial additive. It has been shown that the dietary supplementation of nisin reduced the numbers of Bacteroides and Enterobacteriacae in ileal digesta of broilers (Józefiak et al., 2013; Kierończyk et al., 2016) . Another example may be lactoferrin derived from bovine milk, which is currently used as a nutritional supplement that can liberate active peptides from gastric digestion. It is able to reach the lower gastrointestinal tract and there excerts its effect. It has been shown that dietary supplementation with lactoferrin improves growth performance and reduces diarrhoea in pigs and decreases the counts of some potentially pathogenic gut bacteria as E. coli while increasing the numbers of potentially beneficial bacteria as lactobacilli and bifidobacteria (Yoon et al., 2012; Xiao et al., 2015a) . Furthermore, it has been shown that the supplementation of pig diets with AMPs may increase villus height and crypt depth in the jejunum and ileum (Xiao et al., 2015a) .
AMPs containing a simple peptide structure are presumed to be not absorbed from the ileum; they pass through the digestive system and reach bacteria to which they have affinity (Hancock and Chapple, 1999) . Due to their ribosomal production, insect AMPs are based on natural amino acids (Anderson et al., 2016) and it may be expected that their effect in the animal digestive system is similar to that of nisin, having no systemic effects on the animal. Furthermore, due to their cationic nature, AMPs act preferentially on negatively charged cells such as microorganisms or cancer cells, whereas their effect on eukaryotic cells, which are positively charged, is limited. Therefore, their application may be regarded as safe.
Research on the effect of AMPs as dietary supplements in animal production has been conducted mainly on pigs (Tang et al., 2009 (Tang et al., , 2012 Yoon et al., 2012 Yoon et al., , 2013 Yoon et al., , 2014 Wu et al., 2012; Xiong et al., 2014) . The analysed AMPs were, among others: antimicrobial peptide-A3 (AMP-A3), antimicrobial peptide-P5 (AMP-P5), antimicrobial peptide cecropin AD, lactoferrins (cipB-lactoferricin-lactoferrampin, recombinant lactoferrampinlactoferricin), and the mixture of lactoferrin, cecropin, defensin and plectasin. In those researches the doses of single AMPs ranged from 40 mg · kg . The studies conducted by Yoon et al. (2012 Yoon et al. ( , 2013 Yoon et al. ( , 2014 on the dietary supplementation of AMPs showed that both AMP-A3 and AMP-P5 (synthetic analogues of hybrid cecropin-magainin) have a positive effect on growth performance, faecal microbiota and intestinal morphology of weanling piglets. Cecropin is a type of antibacterial peptide identified in many insect species, while magainins are a class of antimicrobial peptides found in the African clawed frog (Xenopus laevis). In the studies of Yoon et al. (2012 Yoon et al. ( , 2013 Yoon et al. ( , 2014 , the basal diet was supplemented with 60 and 90 mg of AMP-A3 or 40 and 60 mg of AMP-P5 per kg of diet. The authors showed that the total number of anaerobic bacteria declined (P < 0.05) linearly with increasing levels of either AMP-A3 or AMP-P5 in the diets. Inhibited growth of coliforms and Clostridium spp. was observed in the ileum, caecum and faeces. Dietary treatment with AMP-A3 or AMP-P5 had no effect (P > 0.05) on the ileal apparent digestibility of amino acids and serum immunoglobulins (IgG, IgA, IgM) concentration. However, in the duodenum and jejunum of pigs fed diets supplemented with AMP-A3 or AMP-P5, the intestinal villi were higher and a greater villus height:crypt depth ratio was observed in comparison to pigs fed the negative control diet (Yoon et al., 2014) . Moreover, increasing levels of dietary AMP linearly improved the overall average daily gain and the total tract apparent digestibility of crude protein, dry matter and gross energy (Yoon et al., 2012 (Yoon et al., , 2014 . Similar effects for AMP-P5 were obtained following supplementation of piglet diets (Yoon et al., 2013) . The authors suggest that AMP-P5 at dietary concentrations of 60 mg · kg −1 may be used as a novel alternative to antibiotic growth promoters. The same beneficial effects of the AMP-A3 and AMP-P5 on growth performance were reported from experiments with broilers (Choi et al., 2013a,b; Wang et al., 2016) .
The addition of synthetic cecropin to broiler diets decreased aerobic bacterial counts in jejunal and caecal digesta in a dose-dependent manner (Wen and He, 2012) and enhanced intestinal villus height in the duodenum. Therefore, the authors suggest cecropin as possible alternative to antibiotic growth promoter in broiler production.
The dietary supplementation of weaning piglets with lactoferrin in concentrations of 1 g · kg −1 feed inhibited the growth of coliforms and Clostridium spp., and reduced the total counts of pathogenic microbiota such as E. coli and Salmonella (P < 0.05), and increased potentially beneficial microorganisms such as Lactobacillus and Bifidobacterium in the small intestine (Wang et al., 2007) .
In an in vivo study performed on weaned piglets from commercial farms, an AMP complex providing a mixture of lactoferrin, cecropin, defensin and plectasin (2 g and 3 g · kg −1 feed), improved growth performance, reduced the incidence of diarrhoea and increased the survival rate of weaned pigs in comparison to non-treated ones (Xiong et al., 2014) . Results obtainened in vitro suggest that compounds containing insect AMP complexes have an advantage over individual peptide and small molecule antibiotics (Chernysh et al., 2015) . In line with this, the application of insect meal providing a variety of different AMPs as a supplement to animal feed may give rise to new possibilities in animal production. An interesting solution in animal production could be the dietary supplementation with the active antimicrobial fraction of proteins extracted from dried full fat insect meal.
Conclusions
Studies on antimicrobial peptides (AMPs) and their applications have become one of the hot topics in the areas of agricultural science, biology, human and veterinary medicine and the food and feed industries. Antimicrobial peptides provide great hope due to the global problem related to the increasing resistance of bacteria to antibiotics. The mechanism of insect AMPs actions has been shaped over hundreds of years of evolution, and it is very conservative, suggesting the risk of bacterial resistance to be low. Moreover, bactericidal insect AMPs may also protect organism against viruses and fungi. Further, they have to be considered as immune modulators and may even be a hope for cancer therapy having lower adverse side effects. Currently, no insect derived AMPs have been introduced on the market yet. However, according to the available literature, insects have the potential to be a good source of AMPs, which may be exploited as alternative to antibiotics in livestock production, including the support of animal growth and health, treatment of infections and in the preservation of food. However, much work has still to be done to facilitate large scale production of insect AMPs and to find ways for their efficient application in livestock.
